Abstract Inward radial diffusion driven by ULF waves has long been known to be capable of accelerating radiation belt electrons to very high energies within the heart of the belts, but more recent work has shown that radial diffusion values can be highly event-specific, and mean values or empirical models may not capture the full significance of radial diffusion to acceleration events. Here we present an event of fast inward radial diffusion, occurring during a period following the geomagnetic storm of 17 March 2015. Ultrarelativistic electrons up to ∼8 MeV are accelerated in the absence of intense higher-frequency plasma waves, indicating an acceleration event in the core of the outer belt driven primarily or entirely by ULF wave-driven diffusion. We examine this fast diffusion rate along with derived radial diffusion coefficients using particle and fields instruments on the Van Allen Probes spacecraft mission.
Introduction
ULF waves in the inner magnetosphere are known to play a significant, even dominant, role in particle energization at times (e.g., Mann et al., 2013; Ozeke, Mann, Turner, et al., 2014) . These waves are created through a variety of processes, including direct solar wind input through the interaction with the magnetopause boundary (Engebretson et al., 1991; Kepko et al., 2002) . Interplanetary shocks cause global mode oscillations in the ULF frequency regime (Zong et al., 2009) , and high-speed solar wind can increase the energy transfer to the magnetosphere and generate ULF waves via Kelvin-Helmholtz instabilities (Claudepierre et al., 2008; Kavosi & Raeder, 2015; Mathie & Mann, 2001) . ULF oscillations can also be produced by particle injections deeper in the magnetosphere (James et al., 2013; Yeoman et al., 2010; Zolotukhina et al., 2008 ) that occur during elevated substorm activity and can access regions close to Earth. Inward radial diffusion, driven by fluctuating electromagnetic fields in drift resonance with trapped particles, serves to energize particle populations by transporting them to drift paths nearer to Earth (e.g., Barker et al., 2005; Elkington et al., 2003; Hudson et al., 2000; Schulz & Lanzerotti, 1974) .
In recent times, the role of the radial diffusion mechanism in outer belt electron acceleration has been debated actively. Some studies conclude that energy diffusion enacted by higher-frequency VLF waves (local acceleration; e.g., Chen et al., 2007; Green & Kivelson, 2004) can be the more significant process, particularly during the main phase of Coronal Mass Ejection (CME)-driven storms ; Thorne et al., 2013) . However, radial diffusion driven by low-frequency waves likely plays the leading role in radiation belt acceleration events during the absence of intense VLF chorus. The open question that remains is under what conditions the ULF-wave driven energization process described here is dominant over VLF local acceleration (which violates the first adiabatic invariant instead of the third).
Early on 17 March 2015, one of the largest geomagnetic storms of the Van Allen Probes period was triggered in Earth's magnetosphere, resulting in a minimum Dst of −222 nT (provisional). The interplanetary shock impact resulted in abrupt and dramatic dynamics in the trapped particle populations from plasmasheet to ultrarelativistic energies. Moderately intense VLF chorus waves were observed during the main phase and particle energization from source (few kiloelectron volts) to seed (tens to hundreds of kiloelectron volts) to relativistic (>500 keV) energies took place over the ensuing hours and days. Impulsive increases in ULF wave power were seen at the time of the shock impact, as well as during scattered time periods over the following few days, far into the relaxation phase of this intense magnetospheric storm. In this paper, we investigate the radial diffusion timescales of ultrarelativistic (multi-MeV) electrons and their associated energization as uniquely observed during this storm event.
Relativistic Electron Observations
The 17 March storm was characterized by a strong interplanetary shock, which impinged upon the magnetosphere at approximately 04:45 UT when the propagated solar wind pressure (OMNI data) reached over 20 nPa (Figure 1e ). The Van Allen Probes apogees were in the premidnight sector at the time of the shock; Probe A was heading into perigee, while Probe B was near L = 5 on the way to apogee. The Energetic Particle, Composition, and Thermal Plasma (ECT) suite of particle instruments observed energization of the electron population across a broad range of energies throughout the remainder of the day, which resulted in an overall enhancement of particle fluxes above prestorm levels for all but the highest electron energies. The ultrarelativistic electron population (>5 MeV) exhibited a dropout at the time of the shock ( Figure 1 ) and did not reappear at accelerated levels until 19 March and later (depending on energy). Characteristics of the response of medium-and high-energy electrons to this storm are variously studied in recent work Foster et al., 2016; Hudson et al., 2017; Kanekal et al., 2016; Z. Li, Hudson, et al., 2016; W. Li, Ma, et al., 2016) .
The Dst index reached a minimum of −222 nT (provisional value) at ∼22:00 UT on 17 March (Figure 1c ) and began to recover very quickly over the ensuing 16 hr, before slowing to a gradual recovery that returned to a baseline level about 8 days later. The solar wind speed jumped to over 600 km/s along with the intense, structured pressure pulse that indicated the shock approach. Strong, southward interplanetary magnetic field (negative B z ) was observed during several extended periods of the storm main phase, accompanied by intense substorm activity as exhibited by a minimum AL value (measure of westward auroral electrojet) of less than −2,200 nT (reached near the end of 17 March, as currently reported in 1-min OMNI data). However, B z quickly quieted to very small fluctuations around 0 nT by the start of 18 March, and substorm activity dropped off concurrently, with only occasional spikes in activity over the following days. The Kp index was between 2 and 5 for the time period of 19-22 March. Midway through the day on 22 March, Kp spiked to just over 6 (with no appreciable corresponding drop in Dst) and afterward quickly dropped, fluctuating between 1 and 4 for the remainder of the month of March.
A quick recovery and intensification was notable in the seed energy and relativistic energy flux observations up to 1.8 MeV by the end of the 17th (not shown). For these populations, the acceleration was likely due to local heating via VLF waves energized by substorm injections and directly injected "seed energy" electrons (cf. W. Li, Ma, et al., 2016) . In contrast, the ultrarelativistic electron acceleration was not observed until after the start of 19 March. Here we briefly note the evolution of VLF chorus waves during this interval, although the data are not shown. Direct wave measurements on the Van Allen Probes' Electric and Magnetic Field Instrument Suite and Integrated Sciences (EMFISIS) instruments showed an increase in wave power within the chorus frequency band following the shock impact on 17 March. Within ∼2 days the chorus power dropped substantially (along with a diminished substorm activity index AL) and remained at low levels for the following days.
Beginning on 19 March, the ultrarelativistic populations were observed to increase in intensity and quickly diffuse inward. At that point, fast inward radial diffusion is observed in multiple energy channels from the REPT instrument onboard both Van Allen Probes A and B following the rapid energization to these energies. These dynamics are illustrated by showing both the electron flux intensity ( Figure 2a ) at E = 6.3 MeV and the electron phase space density ( Figure 2b ) at = 10,000 MeV/G as a function of L-shell and L * parameter calculated using the TS04D magnetic field model (Tsyganenko & Sitnov, 2005) , respectively, with color representing time. At one point, the peak intensity of 6.3-MeV electrons moves inward over a distance of ∼0.5 in L * within 9 hr, corresponding to an estimated diffusion rate of D LL = (ΔL) 2 2Δt = 0.33 days −1 . We note that the estimate given here is only a crude approximation, since it is based solely upon particle flux at one energy related to the L * parameter although flux is not necessarily conserved; we explore a more rigorous analysis of diffusion rate in section 3. Based on flux observations as shown in Figure 1a , this diffusion rate appears to be the highest in the Van Allen Probes era as confirmed by visual inspection, with rapid energization and diffusion occurring clearly for up to >8-MeV electrons in the outer zone (supporting information Figure S1 ) and, as we will show, occurring in concert with brief but repeated intense enhancements of ULF power. For comparison to another strong storm of the Van Allen Probes era, we include an inset panel (Figure 1b ) from the 8-9 October 2012 storm.
Quantification of radial diffusion coefficients is central to quantifying the amount of acceleration that occurs in various energy populations. Average and statistical radial diffusion rates have been calculated previously (Ali et al., , 2016 Brautigam & Albert, 2000; Brautigam et al., 2005; Ozeke et al., 2012) . This event shows clearly, however, that during intense storm times, rates of radial diffusion can be orders of magnitude higher than typical estimates. We present here a study of this event to quantify this radial diffusion rate and to highlight the effect of ULF-wave driven diffusion on energetic electron enhancements in the inner magnetosphere when VLF wave activity is largely absent.
ULF Wave Observations and Radial Diffusion
While the reduced Fokker-Planck equation for radial diffusion describes the evolution of phase space density in time (Schulz & Lanzerotti, 1974) , it is often times useful to distill coefficients of radial diffusion due to magnetic and electric field fluctuations, D B LL and D E LL . To further investigate the role of ULF-wave driven radial diffusion in this event, we quantify the radial diffusion coefficients derived directly from in situ magnetic and electric field data from the EMFISIS (Kletzing et al., 2013) and the Electric Field and Waves (EFW) (Wygant et al., 2013) instruments. Following Brizard and Chan (2001) and Elkington et al. (2003) and using the treatment developed in Fälthammar (1965) , Fei et al. (2006) derived expressions for radial diffusion coefficients for relativistic charged particles:
In this formulation, M (or ) is the first invariant of the particle, q is the charge of the particle, is the Lorentz factor, B E is the equatorial magnetic field strength at the Earth's surface, R E is the radius of the Earth, L is the Roederer (1970) and P E m are the power spectral densities of the compressional component of the magnetic field and the azimuthal component of the electric field, respectively. The data processing methodology follows from Ali et al. (2016) and can be summarized as such: High-resolution electric and magnetic field data are resolved into components, using the ⃗ E ⋅ ⃗ B = 0 assumption with appropriate error analysis based on magnetic field and spacecraft observing geometry to obtain the unavailable E x measurements (aligned with the spacecraft spin axis which points generally sunward). All problematic data resulting from thruster firings, spacecraft charging events, and eclipse times are omitted. Data are resampled to a constant cadence in radial and azimuthal coordinates to estimate the drift-averaged power spectral density of the ULF waves along each spacecraft orbit. Radial diffusion coefficients are then estimated using the Fei et al. (2006) expressions. The reader is referred to Ali et al. (2015) and Ali et al. (2016) for more detail.
The power spectral density information is estimated as the spacecraft move through radial distance along their eccentric orbits. The estimated magnetic field power spectral density from 0.28-to 8.03-mHz frequencies do clearly show periods of enhanced ULF wave power often occurring across the entire frequency band shown ( Figure 3 ). As expected, much of the ULF power is concentrated at the very start of the storm main phase and continues with similar intensity through the beginning of 18 March through the period when the Dst index is first rapidly falling and then rapidly recovering (Figure 1c) . When the Dst index begins to flatten out for the slower long-term recovery, ULF wave power dies down. However, bursts of transient but intense wave power are seen throughout the duration of ∼18 March 12 UT to 23 March 02 UT, potentially due to fluctuations in solar wind dynamic pressure (Eriksson et al., 2006) . Van Allen Probe B observes very similar characteristics in the magnetic field power spectral density ( Figure S2 ), although at different times due to the high time lag in their nearly identical orbits during this phase of the mission (ΔL of up to 5.3 R E and ΔMLT of up to 6.6 hr), indicating that the overall ULF wave occurrence was higher than observed on either one of the spacecraft. (See Figure S3 for more example orbit configurations during the event.) Intense enhancements up to over 3 nT 2 /Hz in ULF wave power can be seen in Figure 3 sporadically during the time of fast diffusion noted in the particle observations.
As detailed in this section, radial diffusion coefficients can be estimated from the ULF wave power spectral density data. We show our estimates of Figure S4 with data quality caveats described in detail.) At the beginning of 18 March, ULF power is still very intense during the main recovery phase of the storm, and radial diffusion rates are high. From 20 March through 24 March, or the teal, green, and yellow traces, radial diffusion coefficients vary drastically from one orbit to the next and can also be quite high, approaching the level of 
Discussion
Here we note some limitations to our data set, before comparing to other radial diffusion coefficients derived from both statistical data sets and simulations. There are severe limitations in making the assumption that the wave power spectral density is drift-averaged, as we have done here, which is not always valid since the azimuthal distribution can depend on the source location and mechanism of the ULF wave generation (Claudepierre et al., 2008 (Claudepierre et al., , 2009 ). We do also assume that ULF wave power is concentrated in the lowest mode (m = 1), which may not be accurate but is at least a well-founded assumption based on previous work that contends most magnetic wave power is confined in the m = 1 mode, particularly during the recovery period of a storm (Elkington et al., 2013; Z. Li, Hudson, et al., 2016; Tu et al., 2012) . With dual-point space-based measurements in nonstationary orbits, it is not possible to definitely determine wave power in higher modes. Sophisticated modeling studies using full MHD simulations would be useful to study the distribution of wave power over mode number for this event in particular.
Comparing radial diffusion coefficients among multiple methods is always problematic since the details of each analysis are different (e.g., ground-based estimates vs. in situ measurements or deriving values from different times in a solar cycle). Regardless, we can compare the coefficients derived in this event-specific study to the myriad statistical averages published previously to get an idea of the scope of this event compared to a typical Kp = 5 event. Ali et al. (2016) , in fact, compares D
B LL
and D
E LL
derived from 3 years of Van Allen Probes data to previous averaged results binned by Kp, , and L-shell. They found variation between previous radial diffusion coefficients and those derived with Van Allen Probes data. The magnetic coefficients generally fall in the middle of previously reported values at Kp = 5. The electric coefficients tend to be higher by one to two orders of magnitude than the magnetic coefficients for both Kp = 1 and Kp = 5 scenarios, falling more in line with the previous ground-based Ozeke et al., 2012) and CRRES (Brautigam et al., 2005) Figure S4 ). This may be due to the difference in calculation of D LL [BA] where the coefficients were derived as electromagnetic and electrostatic contributions, rather than taking the full electric field without separating the inductive and convective components. This difference in method can be resolved by comparing the total D LL ; however, the electric field coefficients for the March 2015 event are noisy and erratic (likely due to spacecraft charging during elevated electron flux levels), and while it is clear they are overall dominant over the magnetic field coefficients, we do not believe they are suitable to use for a quantitative comparison. Germane to this discussion, Murphy et al. (2015) concluded that ULF wave power and associated radial diffusion coefficients acting in the heart of the outer radiation belt can diverge significantly from the empirical models and Kp-binned statistical averages, depending on local time and latitude, often far exceeding predicted values during times of most active driving. Additionally, their study found that ULF wave power is seen to have a strong dependence on magnetopause location indicating a need for a multiparameter determination of empirical wave power and D LL estimates or an event-specific approach.
Another technique can be used to derive radial diffusion coefficients using global MHD simulations since the resolution is capable of capturing field fluctuations on the ULF timescale. Tu et al. (2012) used Lyon-Fedder-Mobarry (LFM) MHD simulations (Lyon et al., 2004) [BA] coefficients were found to be higher than the LFM MHD-derived D LL values. The modeled field of compressional B and azimuthal E were also compared to in situ field measurements from the Time History of Events and Macroscale Interactions during Substorms (THEMIS) and GOES spacecraft. GOES and THEMIS magnetic fields lined up fairly well with the MHD output, but the simulation underestimated the electric field power when compared with that from THEMIS. It is worth noting here that the D E LL values computed from THEMIS measurements fall in between those derived by other means (Liu et al., 2016) . Z. Li, Hudson, et al. (2016) calculated radial diffusion coefficients for the March 2015 storm using LFM-MIX (Merkin & Lyon, 2010) simulation results. They found that the electric component was dominant and that the coefficient values varied widely over the course of the storm. They also concluded that the wave power was dominated by the m = 1 mode but significantly distributed through m = 2 and m = 3 as well; however, the results only cover the first few days of the storm after 17 March. The D LL values of Z. Li, Hudson, et al. (2016) are lower by about two orders of magnitude than those presented here. Although we do not have full validation of simulation-derived radial diffusion coefficients, global MHD simulations may be a key data set to compare with event-specific studies such as the one presented here. The simulations can also highlight the limitations in the observational data (e.g., assuming all wave power is contained in the m = 1 mode).
We have not included any discussion of potential losses due to wave-particle interactions, specifically with hiss and electromagnetic ion cyclotron waves, though these processes may contribute to the differences between the instantaneous in situ wave-derived D LL values and the estimated average D LL coefficients derived from particle data. The precipitation losses due to these wave-particle interactions have been shown to be important for the energy of electrons considered in this work (Drozdov et al., 2017; Glauert et al., 2014; Ma et al., 2015) and warrant further study in event-specific cases such as this one.
Conclusions
Local acceleration due to high-frequency VLF waves plays a vital role in the energization of source energy electrons up to relativistic energies deep in the heart of the outer belt . However, strong energization can occur fairly quickly even in the absence of higher frequency waves. We present here a case of rapid inward radial diffusion and subsequent energization to multi-MeV energies due to resonant ULF wave interactions with an initial source electron population at higher L-shells. Fast radial diffusion of ultrarelativistic electrons is observed by the REPT instrument onboard the Van Allen Probes in the days following the 17 March 2015 storm, where inward transport is confirmed by both the flux measurements and phase space density data. A population of >7.7-MeV electrons is shown to have been accelerated to these energies quite quickly, in the absence of higher-frequency plasma waves that might contribute to the energization. This population can be observed to step inward to lower radial distances in a short time, while subsequently higher energy electrons are created in the course of the event.
Average radial diffusion rates of 0.33 days −1 are estimated from the particle flux data alone. The diffusion coefficients computed directly from ULF wave activity measured by Van Allen Probes using the Fei et al. (2006) method are found to be about 0.3 days −1 on average (with spikes up to higher values, particularly in D E LL , Figure  S4 ). Strong enhancements of ULF wave power up to 3 nT 2 /Hz are observed during this same time period within the in situ magnetic field data. Comparing the diffusion rates derived here to previous periods of high geomagnetic activity, we find that this ultrafast radial diffusion of ultrarelativistic electrons may be unique so far in the Van Allen Probes era. Additionally, this is a clear example of intense radial diffusion alone producing a high-energy outer radiation belt and shows the extent to which radial diffusion can play a role in the overall energization and dynamics of the electron belt.
While VLF chorus may have energized a lower portion of the energy spectrum up to higher energies immediately after the 17 March storm impact, here we emphasize that ULF waves alone can (and in this case clearly do) energize and transport the ultrarelativistic population that we observe in the inner magnetosphere. W. Li, Ma, et al. (2016) performed a comprehensive analysis of the March 2015 storm event using a 3-D diffusion simulation and found evidence that inward radial diffusion is the driver that produces the very highest multi-MeV electrons observed. The likely scenario in most radiation belt acceleration events involves varying contributions from both ULF-wave driven inward diffusion and VLF-driven local acceleration. In addition to the balance of loss and acceleration, an added layer of complexity is present due to the many drivers of each process that are acting (at times) simultaneously. Events such as the one detailed here can create a better understanding of the extent to which one kind of acceleration mechanism can affect a given population, but there is more work yet to be done to uncover the interplay between various mechanisms and understand when each is dominant over the other. Event-specific studies must be performed in order to build a more convincing conclusion; including those events in which ULF waves appear to be the significant actor and those in which high-frequency VLF chorus waves act as the significant or sole driver. Only then can we sort out the conditions under which each process is more central to radiation belt electron enhancements.
